A b s t r a c t -Most of t h e experimental work on pulsed l a s e r processing of semiconductors i s c o n s i s t e n t with an o p t i c a l h e a t i n g model. Thermal e q u i l i b r i u m between t h e dense electron-hole plasma and t h e l a t t i c e of amorphous o r cryst a l l i n e s i l i c o n i s e s t a b l i s h e d on a time s c a l e o f 2 p s o r l e s s , during t h e l a s e r p u l s e . Nevertheless, a s e r i e s o f s p e c u l a t i o n s on t h e nonthennal n a t u r e of l a s e r annealing of ion-implanted s i l i c o n s u r f a c e s has p e r s i s t e d .
These invoke a h o t , dense c a r r i e r plasma, inducing a phase transformation i n a much c o o l e r s i l i c o n l a t t i c e . According t o t h e thermal model t h e observed phase changes involve melting. Picosecond i r r a d i a t i o n experiments provide a s t r i ngent t e s t of t h e time s c a l e on which t h e thermal model remains v a l i d .
I n t h i s paper we p r e s e n t our r e c e n t time-resolved measurements of r e f r a c t
i v e index changes of s i l i c o n on a picosecond time s c a l e . During and a f t e r t h e i r r a d i at i o n with a s i n g l e picosecond l a s e r p u l s e , t h e r e f l e c t i v i t y and transmission of t h i n s i l i c o n f i l m s e x h i b i t c h a r a c t e r i s t i c t r a n s i e n t s , which allow a d e t a i l e d i n s i g h t i n t o t h e plasma k i n e t i c s , energy t r a n s f e r t o t h e l a t t i c e and l a t t i c e h e a t i n g , and subsequent melting of t h e s u r f a c e . I n agreement w i t h recently-published r e s u l t s , o b t a i n e d w i t h subpicosecond r e s o l u t i o n , t h e energy s t o r e d i n t h e electron-hole plasma i s found t o be t r a n s f e r r e d t o t h e l a t t i c e
i n a few picoseconds.
-INTRODUCTION
The coupling mechanism between l a s e r s and semiconductors has been of g r e a t i n t e r e s t during t h e development of a new f i e l d of m a t e r i a l s c i e n c e g e n e r a l l y described a s l a s e r processing. U l t r a f a s t o p t i c a l h e a t i n g and melting of semiconductor s u r f a c e s a r e key processes f o r t h e development of new s t r u c t u r e s and technologies [l-51. The discovery of p u l s e l a s e r annealing (PLA) 
of i o n implanted semiconductors stimul a t e d an enormous amount of experimental work s e r i o u s l y dedicated t o exploring t h e t e c h n o l o g i c a l p r o s p e c t s f o r device f a b r i c a t i o n . F a s t r e c r y s t a l l i z a t i o n of ion-bombarded semiconductor s u r f a c e s p r e s e r v i n g t h e intended dopant d i s t r i b u t i o n h a s been t h e most a t t r a c t i v e promise f o r high speed c i r c u i t s and high i n t e g r a t i o n .
The impact of PLA on m a t e r i a l processing has been q u i t e impressive, and a l a r g e v a r i e t y of novel techniques has emerged [61. During t h e exploratory phase of PLA t h e q u e s t i o n a r o s e of whether t h e observed l i q u i d phase epitaxy phenomena of s t r u c t u r a l phase changes, dopant r e d i s t r i b u t i o n and quenching from t h e melt can be e n t i r e l y explained by h e a t i n g , melting and r a p i d r e s o l i d i c a t i o n .
A s e r i e s of nanosecond p u l s e experiments have been performed on amorphous and c r y s t a l l i n e s i l i c o n t o c l a r i f y t h e thermal n a t u r e of PLA. Most of t h e experimental r e s u l t s devoted t o t h i s q u e s t i o n , which were obtained with nanosecond p u l s e s , can be i n t e r p r e t e d w i t h i n t h e framework of a simple thermal model [7-101. The transformation of e l e c t r o n i c e x c i t a t i o n i n t o h e a t occurs n e a r l y instantaneously during t h e l a s e r p u l s e .
The time-resolved r e f l e c t i v i t y measurements by D. Auston c l e a r l y demonstrated t h e formation of a l i q u i d l a y e r a t a c e r t a i n l a s e r fluence [ I l l .
Remarkably l a t e , t h e melting p i c t u r e has been confirmed i n transmission experiments [121. A c l a s s i c a l time-of-flight measurement o f s i l i c o n atoms evaporated from rubyi r r a d i a t e d s u r f a c e s i n d i c a t e s a l a t t i c e temperature o f 2000 K a t t h e phase t r a n s i t i o n
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983503 [131. Synchrotron X-ray s t u d l e s , designed t o measure t h e temporal temperature d i s t r i b u t i o n and t o prove t h e occurrence of s t r u c t u r a l changes a t t h e s u r f a c e , c l e a r l y show t h a t t h e phase t r a n s i t i o n i s thermally induced [141. Thermal melting is f u r t h e r confirmed by photoemission s t u d i e s on l a s e r -i y a d i a t e d S i s u r f a c e s , a s w e l l a s by t r a n s i e n t conductance measurements [15,161. A t l e a s t t h e explanation of postannealing morphologies, r e d i s t r i b u t i o n of dopants and t h e s o l u b i l i t y l i m i t s achieved i n PLA r e q u i r e the formation of a l i q u i d l a y e r on t h e s u r f a c e of s i l i c o n 1171.
However, Raman experiments designed t o measure t h e l a t t i c e temperature d e l i v e r d a t a which a r e i n c o n s i s t e n t with t h e thermal model [18,191. This puzzling discrepancy with t h e majority of experiments has s t i m u l a t e d a wave o f s p e c u l a t i o n s about t h e nonthermal n a t u r e of ns PLA. The presence of a dense e l e c t r o n -h o l e plasma should weaken t h e covalent bonds i n s i l i c o n enough t o i n i t i a t e t h e phase t r a n s i t i o n f a r below t h e melting p o i n t . Van Vechten and h i s a s s o c i a t e s a s c r i b e t h e experimentally observed r e f l e c t i v i t y and transmission changes t o t h e formation of a long-lived, confined plasma, r e q u i r i n g an unexplainable decrease of t h e well-known e l e c t r o nphonon i n t e r a c t i o n s t r e n g t h by many o r d e r s of magnitude [201. The f i r s t space-time resolved r e f l e c t i v i t y measurements of ps i r r a d i a t e d s i l i c o n by R. Yen e t aZ. show c l e a r l y t h a t subnanosecond time r e s o l u t i o n i s required t o study t h e phase t r a n s i t i o n , e.g., t o c l a r i f y t h e q u e s t i o n of whether t h e l a t t i c e becomes unstable by e l e c t r o n i c o r v i b r o n i c e x c i t a t i o n [21] . The discovery of t h e r e v e r s e r e a c t i o n of PLA, t h e photoinduced amorphization of s i n g l e c r y s t a l s i l i c o n by picosecond i r r a d i a t i o n opened t h e way t o a s e r i e s of picosecond experiments where d e t a i l s
of t h e behavior of t h e electron-hole plasma and t h e s o l i d -t o -l i q u i d transition have been s t u d i e d 122-261.
The time r e s o l u t i o n of picosecond and femtosecond e x c i t e and probe techniques appears p a r t i c u l a r l y a t t r a c t i v e f o r t h e i n v e s t i g a t i o n of temporal sequences of t h e p h y s i c a l processes involved.
The i n t e n t i o n of t h i s paper i s t o review b r i e f l y t h e fundamental a s p e c t s and open
questions concerning t h e energy t r a n s f e r r o u t e i n i n t e n s i v e l y photoexcited s i n g l e c r y s t a l s i l i c o n . The experimental approach t o t h e s e q u e s t i o n s is d i s c u s s e d , followed by t h e p r e s e n t a t i o n of t h e most important r e s u l t s i n t h e picosecond regime. I n t h e f i n a l c h a p t e r t h e experimental r e s u l t s a r e summarized and compared with t h e t h e o r e t i c a l d e s c r i p t i o n s of t h e PZA process.
The v a l i d i t y of a l t e r n a t i v e proposals is discussed.
-THEORETICAL BACKGROUND
The c e n t r a l q u e s t i o n of how pulsed l a s e r annealing (PLA) i s achieved during and following t h e absorption of l a s e r energy r e q u i r e s a d e t a i l e d treatment of t h e energy r e l a x a t i o n processes i l l u s t r a t e d i n Fig. 1 . The coupling between l a s e r and e l e ct r o n i c c a r r i e r s i s determined by t h e photon absorption r a t e g. where a = a +aNL measures t h e sum of l i n e a r and nonlinear absorption c o e f f i c i e n t s . L The Gaussian-shaped temporal i n t e n s i t y p r o f i l e I (x, t ) = I. exp-( t /~) of a s l n g l e mode beam i s c o r r e c t e d by t h e r e f l e c t i v i t y R of t h e sample. Due t o t h e s t r o n g temperature and c a r r i e r density dependence, t h e s p a t i a l dependence of t h e o p t i c a l absorption has t o be taken i n t o account.
I f t h e photon energy EL exceeds t h e band gap Eg between an occupied valence band and t h e empty conduction band, e l e c t r o nhole p a i r s a r e c r e a t e d with a generation r a t e o f G = q . g , where q i s t h e quantum e f f i c i e n c y of electron-hole p a i r generation.
The physics of o p t i c a l h e a t i n g f o r EL>Eg i n t h e ns range i s based on t h e assumption of thermal equilibrium between p h o t o i n j e c t e d c a r r i e r s and phonons. The where Dth i s t h e thermal d i f f u s i v i t y , S t h e h e a t i n g source, G t h e generation r a t e of electron-hole p a i r s , y (N) t h e Auger recombination and j m t h e electron-hole p a i r c u r r e n t d e n s i t y defined by:
with Da, t h e ambipolar d i f f u s i o n coefficient and Eg t h e band gap. The f i r s t term i n equatlon (4) i s t h e d i f f u s i o n c u r r e n t d e n s i t y ; t h e second term r e p r e s e n t s t h e d r i v i n g f o r c e caused by t h e bending of t h e band gap E t h e importance of which was f i r s t suggested by W. Brown 1311. The t h i r d term desc%bes t h e t h e r m o e l e c t r i c e f f e c t c h a r a c t e r l z e d by t h e k i n e t i c energy dependence p of t h e c a r r i e r s c a t t e r i n g times [321.
I n a f i r s t s t e p towards nonequilibrium c o n s i d e r a t i o n s , A. L i e t o i l a and J. Gibbons introduced an energy r e l a x a t i o n time 're i n t o t h e h e a t i n g p r o c e s s given by [291 where Tc i s t h e equilibrium c a r r i e r temperature determined by p a r t i c l e s t a t i s t i c s , pc t h e s p e c i f i c h e a t , and TL t h e l a t t i c e temperature.
Both temperatures and t h e s p e c i f i c h e a t a r e d e f i n i t i v e parameters of e q u i l i b r i u m conditions. Thus, t h e rel a x a t i o n time 'Te i n equation (5) The o s c i l l a t i o n s of t h e atoms a r e d i r e c t l y r e l a t e d t o t h e h e a t content of t h e c r y s t a l . The r e l a x a t i o n time 're i s introduced a s a thermodynamic parameter t h a t covers t h e whole time span i n which t h e excess e l e c t r o n i c energy i s shared among t h e d i f f e r e n t v i b r a t i o n a l modes and thermal equilibrium among them i s e s t a b l i s h e d . F o r l a s e r p u l s e s whose d u r a t i o n t i s s h o r t e r t h a n -re, t h e o p t i c a l i n p u t energy i s s t o r e d i n t h e electron-hole p?asma. The l a t t i c e remains cool and considerable d i f f e r e n c e s between c a r r i e r and l a t t i c e temperature would occur.
The thermodynamic d e s c r i p t i o n of o p t i c a l h e a t i n g becomes q u e s t i o n a b l e i f t h e l a s e r p u l s e s become s h o r t e r than 'Ie. From t h e p o i n t of s t a t i s t i c a l mechanics, t h e c e n t r a l problem underlying t h e whole process i s t h a t o f t r y i n g t o understand t h e manner i n which t h e energy d i s t r i b u t i o n f u n c t i o n s of h o t c a r r i e r s and h o t phonons i n f l u e n c e each o t h e r .
The c o r r e c t d e s c r i p t i o n r e q u i r e s t h e s o l u t i o n of coupled Boltzmann equations d i s p l a c e d from equilibrium and t h e understanding of t h e micros c o p i c n a t u r e of melting.
Both problems have n o t y e t been solved. However, i n picosecond experiments some assumptions can be made which break t h e problem l o g i c a l l y i n t o s e v e r a l time regimes, i l l u s t r a t e d i n Fig. 1. -I n picosecond PLA experiments t h e time-averaged generation r a t e g i s on t h e o r d e r of g = ~m -~s -l , i f a temperature averaged value of a = 1 x lof5cm-l i s assumed.
Electron-hole p a i r d e n s i t i e s between loz0 and 1021 cm-3 a r e expected. Thermal equil i b r i u m among e l e c t r o n s and among h o l e s i s a t t a i n e d i n l e s s than 10-14 s 1301. The c a r r i e r d i s t r i b u t i o n f u n c t i o n can be taken a s Maxwellian a t an e l e v a t e d c a r r l e r . temperature Tc = Te = Th, determined by t h e c a r r i e r d e n s i t y N through a s e t of balance equations [331.
This density-temperature r e l a t i o n has been c a l c u l a t e d by E. Yoffa and R. Biswas e t aZ. f o r t h e case o r time where no energy can be t r a n s f e r r e d t o t h e l a t t i c e . They assume t h a t Auger recombination i s balanced by impact i o n i z a t i o n e s t a b l i s h i n g equil i b r i u m between e l e c t r o n s and holes.
A common quasi-Fermi l e v e l p e = p h is deduced [30, 34] .
The e l e c t r o n temperature Te i n c r e a s e s s t r o n g l y with i n c r e a s i n g d e n s i t y of t h e plasma.
A t a d e n s i t y above Nc = t h e c a r r i e r temperature Te would be comparable t o t h e band gap. Ijnder t h i s energy condition impact i o n i z a t i o n may become important.
Before any s i g n i f i c a n t energy can be t r a n s f e r r e d between e l e ct r o n s and phonons, t h e plasma becomes extremely hot and dense.
A t high d e n s i t i e s Auger processes w i l l dominate recombination [351. E l e c t r o n s recombine with h o l e s ; t h e energy r e l e a s e d i s t r a n s f e r r e d t o a t h i r d c a r r i e r . This h o t c a r r i e r w i l l r a p i d l y thermalize through i n t e r c a r r i e r c o l l i s i o n s , and a common quasiFermi l e v e l ph = p e w i l l be e s t a b l i s h e d . This process r a t e s with N~ and does n o t remove energy from t h e e l e c t r o n i c system a s long a s t h e e l e c t r o n i c c a r r i e r r e l a x a t i o n T~-~ i s much f a s t e r than t h e electron-phonon c o l l i s i o n time T~-~~~~~ The plasma system i s completely described by Tc, p and N. Heating of t h e l a t t i c e by Auger recombination can only occur i f t h e d e n s i t y o f c a r r i e r s drops t o l e v e l s where Te-? becomes comparable t o t h e electron-phonon c o l l i s i o n time Te-phonon.
Heat generation v i a t h e Auger recombination p r o c e s s 1341, i n which t h e recombination energy (E +3kTc) given t o a t h i r d c a r r i e r is d i r e c t l y t r a n s f e r r e d t o t h e l a t t i c e , i s unl i z e l y during p s e x c i t a t i o n .
The i n f l u e n c e of c a r r i e r d i f f u s i o n on t h e energy balance between plasma and phonons has been t r e a t e d by Yoffa.
The energy l o s s due t o d i f f u s i o n of h o t c a r r i e r s is c h a r a c t e r i z e d by a conventional d i f f u s i o n l e n g t h s RD = ( D ; T , )~/~ where D, * means t h e ambipolar d i f f u s i o n c o e f f i c i e n t of h o t c a r r i e r s , depending on t h e c a r r l e r temperature and l a t t i c e temperature through c a r r i e r -c a r r i e r and c a r r i e r phonon s c a t t e r i n g [301. For energy t r a n s f e r c o n s i d e r a t i o n s t h e e l e c t r o n -h o l e p a i r c u r r e n t d e n s i t y jm d e f i n e d i n equation 14) s t a r t s t o play a r o l e i f t h e energy r e l a x a t i o n time T~ i s l a r g e r t h a n T, > F~ (1-R)/jm where FO (1-R) means t h e t o t a l energy f l u e n c e of t h e l a s e r deposited i n t h e plasma.
During t h e picosecond l a s e r p u l s e t h e e q u i l i b r i u m c a r r i e r temperature Tc i s d e t e rmined by equating t h e r a t e of energy a t which t h e electron-hole plasma r e c e i v e s energy from t h e photoexcited c a r r i e r s t o t h e r a t e a t which t h e plasma l o s e s energy t o t h e phonons.
Energy t r a n s f e r t o t h e phonon system occurs v i a deformation potent i a l s c a t t e r i n g .
Dumke c a l c u l a t e d t h e energy l o s s r a t e of h o t c a r r i e r s having 1 eV excess energy by i n t e r v a l l e y and i n t r a v a l l e y s c a t t e r i n g . Most of t h e energy i s t r a n s f e r r e d on t h e o r d e r of p s L361. If t h e mean energy of t h e c a r r i e r s exceeds t h e thermal energy of t h e l a t t i c e v i b r a t i o n s s i g n i f i c a n t l y , t h e energy t r a n s f e r i s even a c c e l e r a t e d by a nonlinear s c a t t e r i n g mechanism with o p t i c a l and h i g h e r a c o u s t i c phonon modes 1371.
PICOSECONO ZAP, EL= 2.33eV
A contrary view i s taken by Yoffa by sugg e s t i n g t h a t t h e electron-phonon coupling i s reduced by screening of t h e c a r r i e r s [301. C r i t i c a l d e n s i t i e s a t which screening should become important a r e : 2.5 x 1019 cm-3 f o r i n t r a v a l l e y and -1 -2 x 1 0~~ cm-3 f o r i n t e r v a l l e y s c a t t e r i n g [301. A t c a r r i e r d e n s i t i e s a t t a i n e d i n ps-experi-
rph-ph(TL)
ments t h i s s t r o n g screening should lower t h e phonon emission r a t e considerably.
Screening should a l s o l i m i t t h e Auger-recombination r a t e .
I f Ne i n c r e a s e s above cm-T
A~~~~ decreases asymptotically
Tc TL t o 6 ps [301.
F i g . 1 . Relaxation processes during and a f t e r picosecond i r r ad i a t i o n .
I n g e n e r a l , t h e i n i t i a l electron-phonon c o l l i s i o n s w i l l not produce a thermal d i s t r i b u t i o n No of phonons. Phonon-phonon s c a t t e r i n g thermalizes gradually t h e e x c i t a t i o n of p a r t i c u l a r modes. The energy releasedfrom h o t c a r r i e r s t o t h e l a t t i c e , described thermodynamically by t h e source term i n equation ( 2 ) , can be connected t o t h e phonon s t a t i s t i c s by [38]:
where N, ( q , r , t ) is t h e d i s t r i b u t i o n of t h e emitted phonons and j (P,q)
t h e mode index.
As soon a s t h e thermal d i s t r i b u t i o n of phonons is achieved t h e concept of temperature can be introduced again.
Time resolved measurements of t h e l a t t i c e temperature allow d i r e c t information about t h e d e t a i l s of phonon r e l a x a t i o n mechanisms a t e x c i t a t i o n l e v e l s used i n PLA. The d e t a i l s of t h e coolincj k i n e t i c s of nonequilibrium carrier-phonon systems a r e unelucidated i n t h e case of extreme photoexcitat&on. The time-dependent phonon Boltzmann equation f o r t h e d i s t r i b u t i o n function N ( q , r , t ) o f each mode has t o be solved.
Thermal r e l a x a t i o n o f t h e nonequilibrium phonon system towards t h e f i n a l bulk temperature TL occurs v i a anharmonic coupling e f f e c t s a t a slower pace.
Relaxation times between 1 and 100 ps have t o be considered, depending on t h e phonon decay process and t h e l o c a t i o n i n t h e B r i l l o u i n zone.
The anharmonicity i n c r e a s e s with TL, a s t h e temperature dependence of t h e thermal conductivity of s i l i c o n i n d i c a t e s .
Wavevector s e l e c t i o n r u l e s may be l i f t e d i n t h e presence of a dense electron-hole plasma.
The s i n g l e s t e p s i n t h e energy t r a n s f e r r o u t e a r e f u r t h e r complicated by i n t e r r e l at i o n s between generation r a t e and l a t t i c e temperature, N(Te) dependence of e l e ctron-phonon coupling and phonon-phonon i n t e r a c t i o n s . The 
l a s t hasbeen demonstrated by Raman linewidth measurements on heavily-doped elemental semiconductors.
A major open q u e s t i o n remains: whether t h e s o l i d -l i q u i d phase t r a n s i t i o n r e q u i r e s an e s t a b l i s h e d thermal equilibrium between t h e modes, o r i f n o t , which p a r t i c u l a r phonon modes have t o be e x c i t e d t o i n i t i a t e melting.
To c l a r i f y t h i s p o i n t , which i s of g e n e r a l importance f o r t h e l a t t i c e dynamic theory of melting, t h e Lindemann c r i t e r i o n may be applied. Melting occurs when t h e mean square r o o t amplitude of t h e l a t t i c e v i b r a t i o n becomes equal t o some c r i t i c a l f r a c t i o n cm o f t h e mean r a d i u s rc of t h e u n i t c e l l [38, 39] . The displacement of an atom i s due t o t h e superposit i o n of a l l normal modes q j :
Under equilibrium c o n d i t i o n s t h e Lindemann theory p r e d i c t s a melting temperature Tm with:
where OD i s t h e Debye temperature and cm-0.2 f o r S i . Melting by nonequilibrium phonons can be explained i f t h e Lindemann c r i t e r i o n i s a p p l i e d t o t h e s u p e r p o s i t i o n of a few e n e r g e t i c phonon modes only. The v i b r o n i c energy necessary t o break t h e bonds i s d e l i v e r e d by a l i m i t e d number of phonons f a r away from equilibrium.
Contrary t o t h e ' v i b r o n i c ' o r i g i n of t h e phase t r a n s i t i o n , t h e s u p p o r t e r s of t h e plasma hypothesis assume t h a t t h e o p t i c a l energy remains s t o r e d i n t h e plasma and t h e t r a n s f e r t o t h e l a t t t i c e i s blocked f o r unknown reasons.
The phase t r a n s i t i o n t o a l i q u i d i s caused by a s o f t e n i n g o f t h e T A phonons i f t h e number of e l e c t r o nh o l e p a i r s N exceeds a c r i t i c a l value [201: where f i s t h e bond charge reduction f a c t o r equal t o 0.85 i n S i and Em t h e high frequency d i e l e c t r i c c o n s t a n t , NT t h e number of a t o m~/ c m +~. A t low l a t t i c e tempe r a t u r e t h e m a t e r i a l i s p r e d i c t e d t o undergo a phase t r a n s i t i o n t o a 'plasma-like' l i q u i d .
P r i n c i p a l l y , t h e o f t e n -c i t e d controversy between t h e thermal o r v i b r o n i c model and t h e plasma hypothesis i s reduced t o a d i s c u s s i o n of whether t h e l a t t i c e
becomes h o t o r remains cool during t h e phase t r a n s i t i o n .
The h i e r a r c h y of r e l a x a t i o n times depicted i n Fig. 1 s p e c i f i e s t h e design of timeresolved experiments, where t h e temporal e v o l u t i o n of plasma d e n s i t y , l a t t i c e h e a t i n g and t h e phase t r a n s i t i o n encountered i n PLA a r e i n v e s t i g a t e d .
-EXPERIMENTAL APPROACH
Prima facie evidence f o r a s t r u c t u r a l phase t r a n s i t i o n i s provided by t h e post-
In Table I t h e l a s e r f l u e n c e s of nano-, pico-and femtosecond p u l s e s a r e summarized which a r e r e q u i r e d t o induce a high r e f l e c t i v i t y phase. A t 1064 nm pump wavelength t h e l a t t i c e absorption aL i s low (10 cm-I), and nonlinear. h e a t i n g i s caused mainly by f r e e c a r r i e r absorption. With decreasing wavelength t h e l a t t i c e absorpt i o n i n c r e a s e s r a p i d l y while f r e e c a r r i e r absorption decreases. A t 532 nm s i n g l ephoton absorption dominates i n ns and ps experiments. For femtosecond p u l s e s a t 620 nm s i g n i f i c a n t two-photon absorption c o n t r i b u t i o n s a r e expected.
By comparing t h e absorbed t h r e s h o l d fluence l e v e l s aFgh, it becomes obvious t h a t t h e l a s e r i n t e n s i t y can be v a r i e d within s e v e r a l o r d e r s o f magnitude without a f f e c t i n g t h e mechanism f o r phase t r a n s i t i o n . A two-order-of-magnitude i n c r e a s e of t h e plasma d e n s i t y and t h e t r a n s i t i o n t o nonequilibrium conditions b a r e l y a f f e c t s t h e energy balance of PLA. This s t r i c t energy dependence and t h e time a t which t h e phase t r a n s i t i o n occurs provide e s s e n t i a l l y t h e boundary conditions f o r t h e s o l u t i o n of t h e energy t r a n s f e r problem o u t l i n e d i n Fig. 1 .
The l a r g e d i f f e r e n c e s of t h e r e f r a c t i v e index n = n + i k between s o l i d and l i q u i d s i l i c o n a r e favorable f o r studying t h i s phase t r a n s i t i o n with o p t i c a l probing techniques.
In a d d i t i o n , plasma modification and l a t t i c e h e a t i n g can be d e t e c t e d o p t i c a l l y . I n a f i r s t approximation t h e o p t i c a l p r o p e r t i e s of an electron-hole plasma embedded i n a s o l i d s t a t e l a t t i c e may be described by t h e well-known Drude formula [401:
where w i s t h e frequency of t h e probing l i g h t and nL + i k L i s t h e i n t r i n s i c p a r t of t h e r e f r a c t i v e index, depending on t h e phonon temperature, N t h e plasma density, m: , h t h e e l e c t r o n o r h o l e o p t i c a l e f f e c t i v e mass and Te,h t h e corresponding s c a t t e r i n g times.
The angled b r a c k e t s imply t h e average over t h e Boltzmann d i s t r ib u t i o n of h o t c a r r i e r s , r e q u i r e d by t h e energy dependence of t h e s c a t t e r i n g times T e , h ( E c ) ' 
Changes o f -t h e r e f r a c t i v e index a r e displayed i n modifications of t h e r e f l e c t i v i t y and transmission through t h e c l a s s i c a l F r e s n e l formula o r t h e a p p r o p r i a t e t h i n f i l m o p t i c s expressions [411. The most s i g n i f i c a n t change of t h e o p t i c a l p r o p e r t i e s occurs during t h e t r a n s i t i o n from t h e s o l i d t o l i q u i d phase of s i l i c o n . The r e f l e c t i v i t y of bulk samples i n c r e a s e s roughly by a f a c t o r of two, and t h e t r a n smission drops t o zero f o r a broad range of probing wavelengths, corresponding t o t h e m e t a l l i c c h a r a c t e r of l i q u i d s i l i c o n [42,431. The s o l i d s t a t e r e f l e c t i v i t y drops when t h e probing l i g h t frequency w approaches t h e plasma resonance wp from t h e w > a p region. The r e f l e c t i v i t y minimum i s reached i f :
The absolute measured v a l u e of t h e minimum i s determined by t h e plasmon damping mechanism, t h e temperature dependence of nL and kL and t h e convolution of pump and probe p u l s e . Using picosecond e x c i t e and probe techniques, changes of t h e ref l e c t i v i t y and transmission can be measured with a high s p a t i a l and temporal resolut i o n .
I n i n f r a r e d r e f l e c t i v i t y measurements of highly doped s i l i c o n , e f f e c t i v e mass changes have been found above a c a r r i e r concentration of 5 x lo2' cm-3 [441. I t has been argued t h a t a t t h i s concentration t h e Fermi l e v e l e n t e r s a new conduction band v a l l e y with h e a v i e r e f f e c t i v e mass m z . where n = 3 . 9 3 a t 532 nm [451. These d a t a can be used t o determine t h e temperature 0 below t h e phase t r a n s i t i o n s . Frequency doubled p u l s e s of a Nd:YAG l a s e r monitor s e n s i t i v e l y t h e temperature of s i l i c o n on sapphire samples, i f t h e thickness of s i l i c o n matches t h e wavelength.
S i m i l a r phenomena a r e expected f o r t h e e f f e c t i v e h o l e mass m i . The concentration dependence of t h e o p t i c a l reduced masses prevent a d i r e c t e v a l u a t i o n of t h e plasma d e n s i t y N ( t ) . Rapid,changes of t h e c a r r i e r d e n s i t y and c a r r i e r s t a t i s t i c s w i l l s t i m u l a t e r e f l e c t i v i t y t r a n s i e n t s v i a changes i n t h e o p t i c a l reduced masses. Only t h e r a t i o N ( t ) X m : +mi) and t h e average s c a t t e r i n g times <Te,h> can be determined by simultaneous measurements of r e f l e c t i v i t y and transmission. A t i n c r e a s i n g probing frequencies w t h e plasma s e n s i t i v i t y of t h e o p t i c a l c o n s t a n t s decreases g e n e r a l l y with u -~, while t h e temperature dependence o f t h e i n t r i n s i c r e f r a c t i v e index remains approximately c o n s t a n t . The temperature dependence of t h e absorption c o e f f i c i e n t kL i n t h e v i s i b l e s p e c t r a l range i s determined by t h e temperature dependence of t h e band gap Eg and t h e occupation s t a t i s t i c s f o r phonons p a r t i c i p a t i n g i n t h e i n d i r e c t t r a n s i t i o n process

The use of t h i n s i l i c o n f i l m s on sapphire (SOS) o f f e r s s e v e r a l advantages. The s e n s i t i v i t y of r e f l e c t i v i t y and transmission towards changes i n t h e o p t i c a l r e f r a ct i v e index a r e considerably enhanced by m u l t i p l e r e f l e c t i o n s between t h e a i r / s i l i c o n i n t e r f a c e and t h e s i l i c o n / s a p p h i r e i n t e r f a c e . The transmission can be measured f o r photon e n e r g i e s f a r above t h e band gap, allowing access t o information about phonon occupations governing t h e i n d i r e c t t r a n s i t i o n i n S i . F i n a l l y , i f t h e S i f i l m thickn e s s i s l e s s than t h e p e n e t r a t i o n depth of t h e e x c i t a t i o n p u l s e a i l , t h e s p a t i a l dependences of plasma d e n s i t y and l a t t i c e temperature do n o t severely l i m i t t h e a n a l y s i s .
The ps-probing of transmission and r e f l e c t i v i t y changes a t t h e fundamental and doubled frequency of a mode-locked Nd:YAG l a s e r allows t h e i n s i t u i n v e s t i g a t i o n of t h e c e n t r a l question o f PLA, t h e energy t r a n s f e r between electron-hole plasma and l a t t i c e and t h e nature of t h e phase t r a n s i t i o n . D e t a i l s of t h e experimental technique can be found i n Ref. 23 .
The c l o s e c o r r e l a t i o n between t h e fluence l e v e l of picosecond p u l s e s where t h e forma t i o n of amorphous s u r f a c e l a y e r s i s observed ~g~ with t h e energy necessary t o switch t h e c r y s t a l i n t o t h e high r e f l e c t i v~t y s t a t e l e d R. Yen e t aZ. t o t h e conclusion t h a t a l i q u i d m e t a l l i c l a y e r is formed temporarily on t h e s u r f a c e of s i l i -.
con.
Time-resolved probing with a He-Ne l a s e r beam revealed r e s o l i d i f i c a t i o n kinet i c s s i m i l a r t o those observed i n t h e ns melting regime [221. The melt d u r a t i o n , regrowth speeds f o r amorphization and r e c r y s t a l l i z a t i o n can be e n t i r e l y explained by a thermal moc?el. The l a r g e s t temperature g r a d i e n t s a r e generated between 0.2 and 0.26 J/cm2, d r i v i n g t h e l i q u i d -s o l i d i n t e r f a c e back t o t h e s u r f a c e with more than 15 m/s.
A s Turnbull and Spaepen have pointed o u t , supercooling of t h e melt may be t h e reason f o r t h e fomration of disordered s t r u c t u r e s a t t h e s e r e s o l i d i f i c a t i o n speeds [ l o ] .
The t h i c k n e s s of t h e amorphous l a y e r has been estimated by cross-section TEM and o p t i c a l a n a l y s i s with s e v e r a l 100 fi.
his phase t r a n s i t i o n occurs w i t h i n an extremely shallow region i n d i c a t i n g t h a t d i f f u s i o n of h o t c a r r i e r s spreading t h e energy deeply i n t o bulk cannot play a s i g n i f i c a n t r o l e .
In a d d i t i o n , t h e c r i t i c a l fluence Fkh coincides with t h e t h r e s h o l d f o r t h e emission of charged p a r t i c l e s , a s r e p o r t e d by J.M. Liu e t a z . , s i g n a l i n g t h e o n s e t of s u r f a c e v a p o r i z a t i o n [211. Consequently, it has t o be assumed t h a t t h e l a t t i c e i s heated up above t h e melting p o i n t during t h e 25 p s e x c i t a t i o n p u l s e .
Heating phenomena during t h e ps e x c i t a t i o n p u l s e have been p o s t u l a t e d by t h e same group t o i n t e r p r e t t h e s i g n i f i c a n t drop i n t h e transmission of t h e h e a t i n g beam passing through t h i n s i l icon f i l m s on sapphire 1261.
-Phase Transition and Plasma-Kinetics
Self-transmission d a t a a r e averages of t h e s p o t a r e a and t h e temporal p r o f i l e of t h e e x c i t a t i o n p u l s e . More p r e c i s e information i s provided by pump and probe experiments, where t h e o p t i c a l p r o p e r t i e s a r e monitored with delayed and h i g h l y focused probe p u l s e s a t d i f f e r e n t wavelengths. The s e n s i t i v i t y f o r plasma d e t e c t i o n i ncreases q u a d r a t i c a l l y with t h e wavelength of t h e probing beam. Plasma formation and phase t r a n s i t i o n s t o t h e m e t a l l i c l i q u i d s t a t e of s i l i c o n a r e measured favorably a t 1064 nm. With a highly focused probe beam t h e r e f l e c t i v i t y change i n t h e c e n t e r of t h e frequency-doubled pump beam i s monitored with a temporal r e s o l u t i o n of 30 ps [251. The d a t a i n Fig. 2 a r e p l o t t e d versus t h e energy fluence o f t h e pump beam.
A t zero delay t h e probe p u l s e of 30 p s overlaps t h e pump p u l s e of 20 p s e n t i r e l y . The convoluted r e f l e c t i v i t y r e p r e s e n t s an average of t h e changes o c c u r r i n g during the pump p u l s e .
A
t low fluence l e v e l s t h e r e f l e c t i v i t y drops s l i g h t l y below t h e i n t r i n s i c s o l i d s t a t e value. A t 0.2 J / c~~ a s o s i t i v e i n c r e a s e i s r e p o r t e d w h i c h cont i n u e s t o a maximum of 76 p e r c e n t a t 0.4 J/cm . I t i s c l e a r t h a t during t h e picosecond e x c i t a t i o n t h e r e f l e c t i v i t y i n c r e a s e s r a p i d l y t o l i q u i d s t a t e values.
A t 0.2 ~/ c m~ t h e major p a r t of t h e i n t e r r o g a t i n g probe p u l s e experiences only negative plasma c o n t r i b u t i o n s , which a r e compensated by high r e f l e c t i v i t y v a l u e s a t t h e very end of t h e pulse.
With i n c r e a s i n g l a s e r energy, t h e r e f l e c t i v i t y jump moves towards t h e temporal c e n t e r of t h e probing beam, enhancing t h e average r e f l e c t i v i t y . Above 0.5 J/cm2 t h e r e f l e c t i v i t y drops a g a i n , presumably due t o f u r t h e r h e a t i n g of t h e highly absorbing l i q u i d and t h e formation of a highly dense vapor cloud.
The suppressed r e f l e c t i v i t y recovers t o t h e o r i g i n a l high r e f l e c t i v i t y value a f t e r s e v e r a l hundred picoseconds, a s t h e o v e r h e a t e d . l i q u i d cools o f f again.
A t 100 p s delay t h e probe p u l s e i s temporally completely s e p a r a t e d from t h e pump p u l s e and an abrupt r i s e i n t h e r e f l e c t i v i t y a t FEh = 0 . 2 ~/ c m~ i s observed. The r e f l e c t i v i t y r i s e s t o 76 p e r c e n t 2 3 p e r c e n t , c h a r a c t e r i s t i c f o r molten s i l i c o n a t t h i s probe wavelength.
Thermal model c a l c u l a t i o n s , u s~n g equations ( 1 -5 ) , p r e d i c t l a t t i c e h e a t i n g up t o t h e melting p o i n t a t an i n c i d e n t fluence of 0.2 J/cm2, i f t h e r e l a x a t i o n time Te i n equation (5) i s k e p t below LO p s 1291. For 're >> 10 p s , melting would occur a f t e r t h e picosecond probe and a t s i g n i f i c a n t l y h i g h e r fluence l e v e l s .
Conclusive support f o r u l t r a f a s t melting during t h e ps e x c i t a t i o n i s provided by t h e temporal behavior of r e f l e c t i v i t y and t r a n s m i s s i o n , of SOS-samples, a s shown i n Fig. 3 . The r e f l e c t i v i t y and transmission s i g n a t u r e s a r e a n t i c o r r e l a t e d , a s d i c t a t e d by t h e laws of t h i n f i l m o p t i c s . A t 0.1 J/cm2 t h e r e f l e c t i v i t y drops from 0. 
I TIME DELAY (PSECI
F i g . 2 . R e f l e c t i v i t y changes a t t h e
F i g . 3. ~i m e -r e s o l v e d r e f l e c t i v i t y and s u r f a c e of bulk s i l i c o n . transmission changes of a s i l i c o n on sapp h i r e (SOS) sample.
t h e bulk. A t zero time delay changes i n t h e r e f r a c t i v e index, time-averaged over t h e probing p u l s e a t 1064 nm, y i e l d s a normalized plasma d e n s i t y o f and an average s c a t t e r i n g time <T> = 7 x 1 0 -l~ s e c . 2
Above t h e phase t r a n s i t i o n t h r e s h o l d F E~ a t 0.3 J/cm , both transmission and ref l e c t i v i t y drop simultaneously, i n d i c a t i n g d r a s t i c i n c r e a s e s i n t h e o p t i c a l absorpt i o n . Therefore, a t time dealy A t = O , t h e m u l t i p l e r e f l e c t i o n s a r e n e a r l y suppressed. The r e f l e c t i v i t y r i s e and coincident transmission drop can b a r e l y be temp o r a l l y resolved by t h e picosecond probe p u l s e s . The melt f r o n t of t h e m e t a l l i c l a y e r moves with a speed of more than 1000 m/s i n t o t h e bulk. Recent time-resolvee r e f l e c t i v i t y measurements on s i l i c o n pumped with femtosecond p u l s e s confirm t h e s e d a t a . The time r e q u i r e d t o form a l i q u i d l a y e r on t h e s u r f a c e of s i l i c o n h a s been measured t o be a few picoseconds [271.
A f t e r t h e u l t r a f a s t phase t r a n s i t i o n t h e o p t i c a l c o n s t a n t s remain unchanged f o r s e v e r a l t e n s of nanosecond. The p o s t i l l u m in a t i o n behavior i s determined by s t r i c t l y thermodynamic processes; l i k e cooling and r e s o l i d i c a t i o n .
. 2 -L a t t i c e Temperature
The conclusive answer t o t h e question of whether t h i s phase t r a n s i t i o n i s caused by thermal o r plasma e f f e c t s i s given by d i r e c t time-resolved measurement of t h e temp e r a t u r e . By changing t h e probing wavelength t o 532 nm, ~o m~r 6 e t aZ. have been a b l e t o measure d i r e c t l y t h e l a t t i c e h e a t i n g v i a thermally induced v a r i a t i o n of t h e m u l t i p l e r e f l e c t i o n s i n SOS samples 1251. A s shown i n Fig. 4 t h e time resolved ref l e c t i v i t y s i g n a t u r e i s s t i l l a f f e c t e d by plasma c o n t r i b u t i o n s des i t e t h e doubling 9 of t h e frequency and t h e lowering of t h e pump f l u e n c e t o 0.05 J/cm . Compared t o p r e s e n t a s displayed by t h e r e f l e c t i v i t y t r a n s i e n t s a f t e r t h e p u l s e .
However, a t t h i s time t h e plasma i s i n e q u i l i b r i u m with t h e l a t t i c e . A t a time delay of A t = 200 p s , plasma induced e f f e c t s a r e f a r below t h e d e t e c t i o n l i m i t , a s F i g . 5 shows.
Between 200 ps and 1 ns only i n c i p i e n t changes of t h e induced v a r i a t i o n s of n and k a r e observable. The h e a t i n g process i s c e r t a i n l y terminated a f t e r 200 p s and thermal e q u i l i b r i u m between phonons can be assumed.
Thus t h e thermal d i f f u s i o n equation (2) can b e a p p l i e d t o c a l c u l a t e t h e temperature a t A t =200 ps. With i nc r e a s i n g f l u e n c e s t h e transmission drops continuously, d i s p l a y i n g termally-enhanced absorption. The r e f l e c t i v i t y reaches a p l a t e a u value of 40 p e r c e n t b e f o r e it r i s e s t o t h e f i n a l value of l i q u i d s i l i c o n . A t t h e r e f l e c t i v i t y p l a t e a u t h e m u l t i p l e ref l e c t i o n s become suppressed and t h e r e f l e c t i v i t y of a h o t bulk m a t e r i a l i s observed. The f u r t h e r i n c r e a s e of r e f l e c t i v i t y and drop of transmission s i g n a l s t h e formation of a t h i n l a y e r with o p t i c a l c o n s t a n t s d r a s t i c a l l y d i f f e r e n t from h o t s o l i d s i l i c o n . The r i s e t o the high r e f l e c t i v i t y value o f 72 p e r c e n t i s caused by t h e formation of a new i n t e r f a c e between h o t and l i q u i d s i l i c o n , giving r i s e t o m u l t i p l e r e f l e c t i o n s w i t h i n an extremely shallow l i q u i d l a y e r . A s soon a s t h e high r e f l e c t i v i t y value i s observed a t 0.2 ~/ c m~, t h e t h i c k n e s s of t h e l i q u i d l a y e r has been i n c r e a s e d t o s e v e r a l 100W. The transmission drops t o t h e d e t e c t i o n l i m i t of 1 p e r c e n t , c o n s i s t e n t with t h e formation of an o p t i c a l l y t h i c k m e t a l l i c l a y e r of s i l i c o n w i t h i n A t = 2 0 0 p s .
-1 x
With t h e measured o p t i c a l d e n s i t i e s n = lo n (x) x and < = IX k ( x ) dx evaluate? d 0 from t h i n f i l m o p t i c s expressions and t h e d a t a of J e l l i s o n and Modine, t h e average -1 x temperature T = dlo T ( x ) dx has been c a l c u l a t e d . As shown i n Fig. 6 , t h e average temperatures i n c r e a s e n o n l i n e a r l y with t h e fluence of t h e pump beam. The s l o p e depends s t r o n g l y on t h e f i l m t h i c k n e s s , i n d i c a t i n g t h e development of l a r g e temperat u r e g r a d i e n t s .
Most of t h e thermal energy i s s t o r e d i n a l a y e r of 0 . 1 pm a f t e r 200 p s . The h e a t i n g process i s n o t a f f e c t e d by f r e e c a r r i e r and two-photon absorpt i o n a t 532 nm. The nonlinear h e a t i n g c h a r a c t e r i s t i c h a s t o be attributed t o absorpt i o n enhancement durlng t h e h e a t i n g process.
Within t h e duration of t h e 25 ps l a s e r p u l s e , thermally-induced band-gap shrinking occurs, a s p r e d i c t e d by t h e c a l c u l a t i o n s of L i e t o i l a and Gibbons [29] . Local thermal equilibrium between plasma and l a t t i c e , o r a t l e a s t phonons which p a r t i c i p a t e i n t h e i n d i r e c t absorption p r o c e s s , i s e s t a b l i s h e d during e x c i t a t i o n with t h e picosecond pump p u l s e .
The l a r g e temperature g r a d i e n t s measured a f t e r 200 ps below 0.2 J/cm2 and t h e extremely shallow l a y e r of amorphous m a t e r i a l generated a t t h e s u r f a c e s l i g h t l y above 0.2 J/cm2 l e a d s t o t h e assumption [301 t h a t t h e energy spreading by h o t c a r r i e r d i f f u s i o n must be c e r t a i n l y l e s s than cm. Diffusion of h o t c a r r i e r s i s n o t important i n picosecond experiments. Before h o t c a r r i e r s can d i f f u s e , they l o s e t h e i r energy t o t h e phonons.
With t h i s conclusion t h e t r a n s p o r t processes l i s t e d i n equation (4) may become n e g l i g i b l e i n t h e consideration of t h e energy t r a n s f e r problem.
However, they do p l a y a r o l e a f t e r t h e plasma has been cooled o f f t o an equil i b r i u m with t h e l a t t i c e .
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The density dependence of t h e reduced o p t i c a l masses me,h, noted i n equation ( 1 2 ) , do not allow an unambiguous c a l c u l a t i o n of N through equation ( 1 0 ) . The reduced electron-hole p a i r mass rn:-h, measured f~r~d e n s i t l e s below 1019 cm-3 d i f f e r s from t h e e l e c t r o n mass mo by a f a c t o r of 7 (me-h = 0.14 mo) , l e a v i n g a wide range of s p e c u l a t i o n about N. As a consequence t h e n a t u r e of t h e plasma density r e l a x a t i o n cannot be explained conclusively. Both Auger recombination and d i f f u s i o n of t h e c a r r i e r s a f t e r energy t r a n s f e r t o t h e l a t t i c e may be t h e r e s p o n s i b l e processes. In a d d i t i o n , changes i n t h e reduced o p t i c a l mass during coollng of t h e plasma may add f u r t h e r complexities. 
i c s , l a t t i c e h e a t i n g and
The time-resolved o p t i c a l experiments a r e c r u c i a l f o r t h e discussion of t h e v a l i d i t y of nonthermal models proposed I n t h e p a s t .
Clearly t h e o r l g i n a l plasma model proposed by J . A . Van Vechten [471, assuming t h e formation of a long-lived, hlghly dense plasma embedded i n a c o l d l a t t i c e , has no experimental backing. L a t e r modifications and a d a p t a t i o n s t o t h e experimental experience, such a s plasma condensation and plasma confinement, do n o t p r e d i c t any measurable q u a n t i t y which has been confirmed experimentally [481. The only remaining p o i n t of i n t e r e s t i s t h e hypothesis of Martin t h a t t h e e x c i t a t i o n of e l e c t r o n s from t h e bonding s t a t e of t h e valence band t o t h e antibonding s t a t e of t h e conduction band w i l l s o f t e n t h e t r a n s v e r s e a c o u s t i c l a t t i c e modes L491. A 'plasma-like l i q u i d ' is formed w i t h i n a r a t h e r c o l d l a t t i c e .
Several groups have i n v e s t i g a t e d t h e p o s s i b i l i t y f o r e l e c t r o n i c a l l y -i n d u c e d phase t r a n s i t i o n s based on a lowering of t h e TA-phonon frequency formulated i n equation ( 9 ) .
T(K) -
melting during t h e i r r a d i a t i o n of s i n g l e -c r y s t a l s i l i c o n l e a v e no doubt t h a t t h e fundamentals of PLA 900 -can be described by o p t i c a l heating equations (1-5). Even on a picosecond time s c a l e t h e phase t r a n s it i o n i s i n i t i a t e d by v i b r a t i o n a l energy, because o f t h e u l t r a f a s t energy exchange between plasma and phonons.
An upper l i m i t of t h e rel a x a t i o n time has been found with Te << 10 ps. Heating is completed a f t e r t h e picosecond p u l s e .
Screeni n g of t h e electron-phonon coupling, a s p o s t u l a t e d by Yoffa t301, can be excluded i n t h e case of picosecond e x c i t a t i o n . For nanosecond l a s e r FLUENCE ( J/cm2) p u l s e s t h e T, ' 0 approximation i s F i g . 6. Average temperatures a t a probe c e r t a i n l y v a l i d , and t h e simple time delay of 200 ps versus l a s e r fluence thermal melting model i s a p p l i c a b l e . a t 532 nm.
The temperatures measured a f t e r 200 ps c o n t r a d i c t t h e r e s u l t s of Raman experiments, where t h e l a t t i c e temperatures a r e i n f e r r e d from t h e r a t i o of Stokes and anti-Stokes l i g h t [18,191.
Wautelet and Laude s t u d i e d t h e e f f e c t of l a s e r I r r a d i a t i o n on t h e cohesion of S i an6
suggestec? t h a t t h e melting temperature TI, and t h e Debye temperature k6 =hwFiX a r e p r i n c i p a l l y reduced i n t h e case o f S i being i r r a d i a t e d by a 20 Flw/cm2 l a s e r p u l s e a t 2 eV photon energy [ 5 0 ] . Taking t h e same p o i n t of view, Bok computed t h e v a r i a t i o n of melting temperature Tm w i t h t h e d e n s i t y N of electron-hole p a i r s c r e a t e d using t h e Lindemann c r i t e r i o n f o r melting [38,39,521. He f i n d s : Tm(N) =Tm(0) ( 1 -a N ) 2 with = 8 x cm-3.
For N = a -l = 8 x ~m -~, t h e t r a n s v e r s e a c o u s t i c mode goes t o zero and t h e phase t r a n s i t i o n becomes of t h e second o r d e r .
I n a modified proposal Combescot and Bok d e r i v e an i n s t a b i l i t y temperature T* below t h e melting p o i n t , which depends e s s e n t i a l l y on two parameters: t h e electron-hole masses and t h e electron-phonon coupling [531. The temperatme dependence of t h e s e parameters is n o t included. The i n s t a b i l i t y temperature T* decreases when t h e generation r a t e G i n c r e a s e s . For G~1 0~~ ~m -~s -l a s i z e a b l e b u t n o t q u a n t i f i e d decrease of T* i s s t a t e d . I n any c a s e , t h e o p t i c a l response should be changed considerably i f t h e i n s t a b i l i t y temperature i s reached a t a c e r t a i n fluence l e v e l . However, t h e o p t i c a l measurements do n o t r e v e a l any i n t e r m e d i a t e values of t h e o p t i c a l c o n s t a n t s between s o l i d and l i q u i d s i l i c o n below t h e t h r e s h o l d f l u e n c e f o r melting, where t h e generation r a t e becomes more than 3 x ~m-~sec-'. This proposal is i nc o n s i s t e n t with t h e experimental r e s u l t s obtained i n picosecond and femtosecond experiments [21-271.
Furthermore, plasma-induced lowering of t h e melting p o i n t would l e a d t o a reduction of t h e c r i t i c a l l a s e r fluence ~k~ r e q u i r e d f o r t h e phase t r a n s i t i o n . The combined i n f l u e n c e of plasma and v i b r o n i c e x c i t a t i o n should be manifested i n s i g n i f i c a n t d i f f e r e n c e s of F:~, d e p e n d i n~~o n t h e l a s e r i n t e n s i t y . There is no experimental e v idence f o r modifications of Fo , a s comparison of t h e d a t a i n Table I shows. Neg- Time-resolved measurement of t h e r e f l e c t i v i t y , however, demonstrates c l e a r l y t h a t phase t r a n s i t i o n occurs s e v e r a l picoseconds after t h e pump pulse. During t h e 90 femtosecond p u l s e and p r i o r t o melting, only t r a n s i e n t plasmainduced modifications of t h e o p t i c a l constant a r e found [27] . The s e a r c h f o r plasmainduced phase t r a n s i t i o n s belongs c e r t a i n l y t o one of t h e most f a s c i n a t i n g i n v e s t i g at i o n s i n t h e PLA f i e l d . Without any confusion brought i n t o t h e f i e l d by t h e o r i g i n a l plasma hypothesis, t h e l i m i t s of t h e v a l i d i t y of t h e thermal model and t h e u l t i m a t e time s c a l e s of t h e energy exchange between t h e electron-hole plasma and phonons should be i n v e s t i g a t e d s e r i o u s l y i n experiments on a subpicosecond time s c a l e . 
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